Large scale metagenomic and metatranscriptomic data analyses are often restricted by their gene-39 centric approach, limiting the ability to understand organismal and community biology. De novo 40 assembly of large and mosaic eukaryotic genomes from complex meta -omics data remains a 41 challenging task, especially in comparison with more straightforward bacterial and archaeal 42 systems. Here we use a transcriptome reconstruction method based on clustering co-abundant genes 43 across a series of metagenomic samples. We investigated the co-abundance patterns of ~37 million 44 eukaryotic unigenes across 365 metagenomic samples collected during the Tara Oceans expeditions 45 to assess the diversity and functional profiles of marine plankton. We identified ~12 thousand co-46 abundant gene groups (CAGs), encompassing ~7 million unigenes, including 924 metagenomics 47 the MGT approach to capture interspecies associations through the analysis of a nitrogen-fixing 53 haptophyte-cyanobacterial symbiotic association. This MGT collection provides a valuable resource 54
based transcriptomes (MGTs, CAGs larger than 500 unigenes). We demonstrated the biological 48 validity of the MGT collection by comparing individual MGTs with available references. We 49 identified several key eukaryotic organisms involved in dimethylsulfoniopropionate (DMSP) 50 biosynthesis and catabolism in different oceanic provinces, thus demonstrating the potential of the 51 MGT collection to provide functional insights on eukaryotic plankton. We established the ability of 52
Introduction 57
As an alternative to individual genome or transcriptome sequencing, environmental genomics 58 has been used for many years to access the global genomic content of organisms from a given 59 environment (Joly and Faure 2015) . However, large scale metagenomic and metatranscriptomic 60 data analyses are often restricted by their gene-centric approach, limiting the ability to draw an 61 integrative functional view of sampled organisms. Nevertheless, constructing gene catalogs from 62 environmental samples provides a useful framework for a general description of the structure and 63 functional capabilities of microbe-dominated communities (Venter et and detailed exploration of communities of organisms, but they are usually undermined by limited 66 contextual information for different genes, apart from taxonomic affiliation based on sequence 67 similarity. 68
Several methods have been developed to shift the scientific paradigm from a gene-centric to 69 an organism-centric view of environmental genomic and transcriptomic data. These methods use 70 direct assemblies of metagenomic reads to generate contigs that encompass several genes. High 71 recovery of bacterial and archaeal genomes has been achieved through traditional assembly 72 strategies from both high and low diversity environmental samples (Tully et al. 2018; Dick et al. 73 2009; Albertsen et al. 2013 ). However, when dealing with complex communities of organisms, 74 traditional genome assembly approaches are often impaired by the large amount of sequence data 75 and the genome heterogeneity. 76
To circumvent these limitations, approaches based on reference genomes have been proposed 77 Here, we used the rationale of this reference independent, gene co-abundance method (Nielsen 112 et al. 2014) to delineate transcriptomes by mapping metagenomic sequencing data obtained from 113 365 metagenomic readsets generated from marine water samples collected from the global ocean 114 during the Tara Oceans expedition onto the metatranscriptome-derived Marine Atlas of Tara 115
Oceans Unigenes (MATOU-v1 catalog (Carradec et al. 2018 )) obtained from the same set of Tara 116
Oceans stations (Fig. S1 ). The samples were collected from all the major oceanic provinces except 117 the Arctic, typically from two photic zone depths (subsurface -SRF and deep-chlorophyll 118 maximum -DCM), and across four size fractions (0.8-5 μm, 5-20 μm, 20-180 μm, and 180-119 2000 μm). 120
Results 121
Construction of the MGT collection 122
Of the 116,849,350 metatranscriptomic-based unigenes of the MATOU-v1 catalog, 123 37,381,609 (32%) were detected by metagenomic reads mapping in at least three different Tara 124
Oceans samples, and displayed no more than 90% of their total genomic occurrence signal in a 125 single sample. The metagenomic RPKM-based abundance matrix of these unigenes was submitted 126 to a canopy clustering process (see Materials and Methods) that regrouped unigenes based on the 127 S1). This MGT collection recruited a significant number of metagenomic reads across Tara Oceans 134 stations with an average of 58.5 % (up to 94.5 % for some samples) ( Fig S2) . 135
Taxonomic diversity of the MGT collection 136
We studied the distribution of taxonomically assigned unigenes for each MGT across major 137 planktonic taxa. In several cases, we observed a homogeneous distribution of taxonomic 138
affiliations, suggesting that the MGTs represented transcriptomes of individual organisms (Table S1  139 and Fig. A1 ). The accuracy of the taxonomic affiliations of the unigenes varied throughout the 140 samples and depended on i) the conservation level of a given sequence across species and ii) the 141 adequacy and robustness of a reference database in regard to a given taxonomic unit (Carradec et al. 142 2018) . 143
For each MGT, global taxonomic affiliation was determined by the taxonomic node that 144 covered at least 75% of the taxonomically assigned unigenes of that MGT (see Materials and 145
Methods for more details). The MGT collection was mostly comprised by eukaryotic 146 representatives (728 MGTs -78%, 6,380,849 unigenes), followed by bacteria (148 MGTs -16%, 147 454,253 unigenes), archaea (2 MGTs -0.2%, 2,844 unigenes), and viruses (1 MGT -0.1%, 877 148 unigenes). Presence of bacteria and archaea in the MATOU-v1 catalog, despite using 149 polyadenylated RNA for the sequencing step, can be explained by (i) the true non-polyadenylated 150 nature of these transcripts or (ii) low level of eukaryotic annotations in regard to prokaryotes in 151 reference databases (Carradec et al. 2018) . In this study we focused only on the MGTs from the 152 domain Eukaryota. 153
The overall taxonomic analysis of the MGT collection revealed that most of the major 154 eukaryotic marine planktonic kingdoms (Worden et al. 2012) were covered, with the notable 155 exception of Amoebozoa, Cryptophyta and Rhodophyta (Fig. 1 in the MGTs were taxonomically assigned, we observed an uneven bimodal distribution of 172 taxonomically assigned unigenes among the MGTs resulting in two distinct MGT groups (Fig. 2) . 173
The first group (228 MGTs, 24.7%) consisted of well-defined MGTs (more than 75% of their 174 unigenes had a taxonomic assignment), representing "known" organisms. Whereas the second 175 group included 385 MGTs (41.7%) that were taxonomically poorly characterized less than 25 % of 176 their unigenes were taxonomically assigned) which may represent currently undescribed genomes 177 or mainly contain non-coding sequences and thus do not match with known proteins. The observed 178 discontinuous distribution was not correlated with the MGT size or the number of samples in which 179 an MGT was observed ( Fig. S3 ). 180
Comparison with available transcriptomes 181
To assess the biological validity of the obtained MGTs, we investigated the distribution of 182 unigenes from two marine planktonic reference organisms in the MGT collection. We analyzed 183 reference transcriptomes from a single-celled microeukaryote Bathycoccus prasinos and a small 184 multicellular zooplankton Oithona nana. The rationale for choosing these organisms as references 185 was as follows: (i) they play an important role in the functioning of marine ecosystems; (ii) their 186 communities. We were able to recover an average of 68% (up to 77%) of the reference 192 transcriptomes utilizing the MGT unigenes with at least 95% sequence identity over at least 50 193 amino acids (Fig. 2) . 194
Segregation of the Bathycoccus ecotypes 195
To assess the potential of the MGT approach to segregate closely related biological entities, 196
we focused on the MGTs highly similar to the reference transcriptomes of Bathycoccus prasinos. 197
Bathycoccus is a genus of green algae from the order Mamiellales which is ecologically relevant 198 because it is widely distributed in the global ocean and contributes significantly to primary 199 production within these ecosystems (Vannier et (Table S2 ). We focused on MGT-41 and MGT-65 because they comprised 95.2% of the 206 signal in this group. Pangenomic analysis demonstrated a clear segregation between the two MGTs 207 (Fig. 3A) . The average nucleotide identity (ANI) analysis indicated less than 90% sequence 208 similarity between them, further confirming their affiliation to different ecotypes. On the other 209 hand, the ANI values between MGT-41 and its closest reference (isolate RCC1105) and MGT-65 210 and its closest reference (RCC716) were 98.2% and 98.8%, respectively. The estimated 211 completeness of the assembled unigenes (computed based on a set of 83 protistan specific single 212 copy core genes (Simão et al. 2015) was 85.5% for MGT-41 and 73.5% for MGT-65, suggesting a 213 high level of the transcriptome recovery. The completeness estimation method applied here is based 214 on the identification of a set of well conserved single-copy core orthologs which usually 215 demonstrate high levels of expression. Since not all genes from a given organism are always 216 transcribed and thus some of them may not be captured in the MATOU-v1 catalog, this technique 217 may overestimate the real completeness of our MGTs. However, to the best of our knowledge, this 218 is currently the best available computational approach that estimates transcriptome completeness 219 with a fairly high degree of confidence. MGT-41 and MGT-65 demonstrated different 220 biogeographical preferences associated with environmental parameters, including temperature and 221 oxygen concentrations ( Fig. S4 ). This observation supports previous findings about the differential 222 biogeography of the Bathycoccus prasinos ecotypes B1 and B2 described in (Vannier et al. 2016) , MGT-9, MGT-56, and MGT-60), with MGT-5 and MGT-9 alone generating 87% of the signal 238 (Table S2 ). The estimated completeness of the assembled unigenes was 71% for MGT-5 and 87% 239 for MGT-9 ( Fig. 3B ). MGT-5 demonstrated highly specific biogeographical preferences being 240 observed at only twelve Tara Oceans stations, all from the Mediterranean Sea, which correlates 241 well with the demonstrated biogeographic distribution of Oithona nana (Madoui et al. 2017 ). On 242 the other hand, MGT-9 was detected at 41 stations, mostly located in the Pacific Ocean and the 243
Mediterranean Sea, but also in the Indian and Atlantic Oceans (Fig. A2 ). These biogeographical 244 preferences along with the significant difference in the ANI values relative to the reference 245 transcriptome of O. nana (99% and 92% for MGT-5 and MGT-9, respectively) ( Fig. 3B) suggests 246 that MGT-9 may represent a different, yet genomically undescribed, species within the genus 247
Oithona. 248

Functional insights from MGTs 249
After demonstrating the biological validity of the MGTs, we studied their potential to assess 250 the functional state of the ecosystem through the analysis of ecologically relevant metabolic 251 pathways and individual marine organisms. We analyzed the expression patterns, taxonomic 252 affiliation, and geographical distribution of the genes coding for the key enzymes involved in the 253 cycling of dimethylsulfoniopropionate (DMSP). We also investigated the interspecies relationship 254 between an uncultivated unicellular cyanobacterium Candidatus Atelocyanobacterium thalassa 255 (UCYN-A) and a haptophyte picoplankton alga of the class Prymnesiophyceae. 256
DMSP synthesis and degradation 257
Eukaryotic plankton, along with bacteria, are actively involved in the cycling of DMSP, an 258 ecologically relevant organosulfur compound that can reach high concentrations in marine waters. 259 DMSP is the precursor of the climate-active gas dimethyl sulfide (DMS) -the largest natural source 260 of sulfur to the atmosphere. This compound is also important from an organismal point of view 261 because of its ability to act as an osmolyte, antioxidant, predator deterrent, and cryoprotectant in 262 in the global DMSP cycle. Both of these genes were detected in the MGT collection, which allowed 272 us to study their expression and biogeography from a genome-centric point of view (Table S3) . Alveolates, we did not detect any Alma1-containing MGTs affiliated to this group. In 9 out of 13 313
MGTs containing Alma1 unigenes, Alma1 expression contributed more than 10% (in some cases up 314 to 40%) to the total Alma1 expression detected across 43 samples ( Fig. 4B ). MGTs demonstrating 315 the highest levels of Alma1 expression were taxonomically assigned to Phaeocystis (MGT-4, MGT-316 13, and MGT-67) and Pelagomonas spp. (MGT-178). 317 318
Identification of interspecies associations 319
We investigated the interspecies relationship between an uncultivated diazotrophic unicellular 320 90.3% of the UCYN-A1 genome (Fig. 5) . The estimated completeness of the UCYN-A genome 339 computed based on a set of 139 bacterial specific single copy core genes (Campbell et al. 2013 ) 340 82.7% for MGT-29 and 42.4% for MGT-176. The ANI value between MGT-29 and UCYN-A1 341 isolate ALOHA was 99.7% which indicates a remarkably high genomic similarity. We hypothesize 342 that MGT-176 may represent UCYN-A2 or another UCYN-A sublineage because the ANI analysis 343 demonstrated its higher genomic similarity with isolate SIO64986 (UCYN-A2) than isolate 344 ALOHA (UCYN-A1) (97.1% and 94.3%, respectively). 345
In addition to the UCYN-A-related genes, MGT-29 also contained multiple core metabolism 346 genes taxonomically assigned to the Haptophyte clade which may belong to the eukaryotic host of 347 this symbiotic association, B. bigelowii (Table A2 ). More specifically, we detected genes coding for 348 enzymes driving major metabolic pathways in the haptophyte algae including glycolysis, 349 tricarboxylic acid (TCA) cycle, pentose phosphate pathway, GS-GOGAT cycle (ammonium 350 assimilation through sequential actions of glutamine synthetase (GS) and glutamate synthase 351 (GOGAT)), as well as multiple genes affiliated with the metabolism of fatty acids and amino acids. 352
We also observed the presence of the gene bacA, coding for the ABC transporter involved in the 353 transport of vitamin B12. 354
In addition to the UCYN-A symbiosis with a single-celled haptophyte, we detected other 355 important known microbial associations in the MGT collection (Table S4) MGT collection reported here represents a valuable resource for studying a range of eukaryotic 368 planktonic organisms including those that are largely unexplored using traditional omics techniques. 369
The gene clustering approach applied here provides an organism-centric view of the most 370 abundant plankton populations. This approach allowed us to focus on the diversity and functional 371 potential of marine eukaryotic organisms across major taxonomic lineages. The 924 MGTs 372 generated from the Tara Oceans datasets contain an impressive diversity of taxa allowing for 373 comparative genomic studies in major eukaryotic groups including Opisthokonta, Haptophytes, 374
Stramenopiles, Alveolates, Archaeplastida, and Rhizaria (Fig. 1) . Additionally, this collection of 375 
DMSP biosynthesis and degradation by eukaryotes 391
We demonstrated the ability of the MGT approach to assess the contribution of eukaryotic 392 plankton to ecologically important processes by focusing on the MGTs expressing genes coding for 393 key enzymes involved in DMSP cycling. These genes included DSYB, coding for a methyl-394 thiohydroxybutyrate methyltransferase, a key enzyme of the eukaryotic DMSP synthesis pathway 395 change in a given ecological niche, we may expect that DMSP production and degradation rates 415 would also change because of the transformations in the microbial community structure which may 416 lead to significant effects on climate change. 417
Interspecies associations 418
The importance of the MGT collection as a resource for studying marine interspecies 419 interactions was demonstrated through detection of the ecologically relevant symbiosis between the 420 metabolically streamlined nitrogen-fixing cyanobacterium UCYN-A and a single-celled haptophyte 421 picoplankton alga. Initially, this symbiosis was discovered using a targeted approach that involved 422 several culture-dependent and molecular techniques proving it to be a challenging task (Zehr et al. The MGT collection provides a valuable resource for the evaluation of these ecologically 460 relevant associations by studying their distribution in major oceanic provinces and by exploring the 461 expression patterns of key genes. These findings illustrate the ability of the MGT collection to 462 depict more interspecies relationships in the ocean, thus potentially discovering previously 463 unknown microbial associations (Table S4 ), as well as study their gene expression patterns. 464 465 466
Fragmentation of the MGTs 467
In addition to the MGTs, comprised of tens of thousands of unigenes, which cover eukaryotic 468 reference transcriptomes with a high level of completeness, we also detected a number of smaller 469 gene clusters which cannot reliably cover a full eukaryotic transcriptome. Several reasons may lead 470 to the presence of these smaller MGTs representing partial eukaryotic transcriptomes. In some cases 471 not all genes from a certain organism can be detected in all the samples where this organism is 472 present; some genes may be missing or be present at levels below the achieved sequence coverage. 473
This may lead to the fragmentation of the MGTs, i.e. to the fact that genes from the same organism 474 may be allocated to multiple CAGs and MGTs of various sizes (comprised of a different number of 475 unigenes). Several possible scenarios exist: (i) some accessory genes may be present and expressed 476 in some subpopulations and missing in others; (ii) a sufficient sequencing depth was not achieved 477 for some of the samples resulting in only a partial genomic coverage. Thus, for organisms with 478 sequencing depths below or near the limit of detection, some genes may lack corresponding reads 479 which would lead to incomplete coverage of the transcriptome by metagenomic reads. The situation 480 when several CAGs of various sizes represent the same organism has been observed for the 481 prokaryotic compartment of a human gut microbiome (Nielsen et al. 2014) . 482
Limitations and advantages of the MGT method 483
General limitations relevant to interpreting the gene co-abundance data obtained using the 484 MGT approach described here include its inability to incorporate the accessory genes in the analysis 485 due to their inherent nature of not being present in all strains and its intrinsic inability to segregate 486 organisms that form obligate symbioses because of their identical gene co-abundance profiles. 2019), although further analyses on environmental datasets are needed to confirm its accuracy and 489 efficiency. Alternatively, post-processing of the MGT collection using methods based on 490 differential sequence coverage of genes may be effective in cases where a significant bias in 491 genome copy number of the associated organisms exists. Another caveat specific to our datasets is 492 that genes expressed below the level of detection may be overlooked because the gene 493 reconstruction has been performed using the metatranscriptomics data. However, the MGT 494 approach has a number of advantages compared to other metagenome and metatranscriptome 495 assembly methods. These include: (i) access to genomic content of organisms not available in 496 culture (including zooplankton species) because of the culture-independent assembly and clustering 497 of sequence data; (ii) de-novo definition of gene clusters which allows for the reconstruction of 498 transcriptomes with no need for references. 499
Conclusions 500
In this study we applied a gene co-abundance clustering approach on a series of samples 501 Briefly, the raw data were filtered and cleaned to remove low quality reads, adapters, primers and 521 ribosomal RNA-like reads. Resulting metatranscriptomic reads were assembled using velvet 522 v.1.2.07 (Zerbino et al. 2009 ) with a kmer size of 63. Isoform detection was performed using oases 523 0.2.08 (Schulz et al. 2012) . Contigs smaller than 150 bp were removed from further analysis. The 524 longest sequence from each cluster of contigs was kept as a reference for the gene catalog. The 525 MATOU-v1 unigene catalog is accessible at https://www.genoscope.cns.fr/tara/. 526
Abundance computing and canopy clustering 527
The raw metagenomic (metaG) reads from 365 samples were mapped against the MATOU-v1 528 catalog as described in Carradec et al, 2018 . Briefly, raw metagenomic reads from each sample 529 were compared with the MATOU-v1 unigenes using the bwa tool (version 0.7.4) (Li and Durbin 530 2009) and those covering at least 80% of the read length with at least 95% of identity were retained 531 for further analysis. In the case of several possible best matches, a random one was picked. For each 532 unigene in each sample the metagenomic abundance was determined in RPKM (reads per kilo base 533 per million of mapped reads). To improve the clustering efficiency we selected unigenes detected 534 with metagenomic reads in at least three different samples, and which had no more than 90% of 535 their total genomic occurrence signal in a single sample. These 2 criteria are the default parameters 536 of the canopy clustering tool (--filter_min_obs 3 and --filter_max_top3_sample_contribution=0.9). 537
The metagenomic RPKM-based abundance matrix of these unigenes was submitted to the canopy 538 clustering algorithm described in (Nielsen et al. 2014) [the original code is available at 539 https://www.genoscope.cns.fr/tara/] which is a density based clustering that does not taken into 540 account the sequence composition, as opposed to the most binning tools. We used a max pearson 541 correlation difference of 0.1 to define clusters and then clusters were merged if canopy centroids' 542 distances were smaller than 0.05 (250k iterations, default parameters). 543
A total of 7,254,163 unigenes were clustered into 11,846 co-abundant gene groups (CAGs) of 544 at least 2 unigenes. CAGs with more than 500 unigenes are hereafter termed MetaGenomic based 545
Transcriptomes (MGTs). 924 MGTs were generated which encompassed 6,946,068 unigenes 546 (95.8%). Since this method has never been applied to eukaryotic data, a smaller cutoff of 500 547 unigenes was used (compared to the original method applied to prokaryote-dominated communities 548 (Nielsen et al. 2014) ) to increase the number of resulting MGTs potentially representing individual 549 organisms. For each sampling filter we determined the fraction of metagenomics reads captured by 550 the unigenes that compose the MGTs (Fig S2) . 551
Taxonomic assignment 552
Taxonomic assignment of the unigenes is described in Carradec et al., 2018 . Briefly, to 553 determine a taxonomic affiliation for each of the unigenes, a reference database was built from 554 Taxonomic affiliation was performed using a weighted Lowest Common Ancestor approach. 564
Subsequently, for each MGT, representative taxonomic level was determined by computing the 565 deepest taxonomic node covering at least 75% of the taxonomically assigned unigenes of that MGT. 566
Completeness and contamination assessment 567
For each MGT, unigenes were further assembled using CAP3 (version date: 02/10/15) (Huang 568 and Madan 1999). Assembled contigs and singletons were pooled and completeness and 569 contamination were computed using the Anvi'o package (ver 5.2) (Eren et al. 2015) with default 570 parameters and a set of 83 protistan specific single copy core genes (Simão et al. 2015) for 571 eukaryotes or a set of 139 bacterial specific single copy core genes (Campbell et al. 2013) for 572 bacteria (Table S1 ). Average Nucleotide Identity (ANI) was computed using the dnadiff tool from 573 the MUMmer package (ver 3.23) (Kurtz et al. 2004) . 574
Functional characterization 575
DSYB-related unigenes were identified using Hidden Markov Models (HMMs) generated 576 from 135 sequences extracted from Curson et al., 2018. These sequences were clustered using 577
Mmseqs2 (Steinegger and Söding 2017) , and for each of the resulting 24 clusters sequences were 578 aligned using MUSCLE (Edgar 2004) . HMM construction and unigenes catalog scanning were 579 performed using HMMer (Wheeler and Eddy 2013) . The DSYB hmm profile had significant 580 matches (e-value ≤ 10 -50 ) with 1220 unigenes in the MATOU-v1 catalog, 46 of which were found in 581 the MGT collection (Table S3) . 582
Alma1-related unigenes were identified using HMMs generated from 5 sequences with 583 demonstrated DMSP lyase activity, extracted from (Alcolombri et al. 2015) . These sequences were 584 clustered using Mmseqs2 (Steinegger and Söding 2017) , and for each of the 2 resulting clusters 585 sequences were aligned using Mafft v7.407 (Katoh and Standley 2013) . HMM construction and 586 unigenes catalog scanning were performed using HMMer (Wheeler and Eddy 2013) . We identified 587 1069 positive unigenes (e ≤ 10 -50 ) from the MATOU-v1 catalog, 36 of them were found in the MGT 588 collection (Table S3) . Sequence similarities between the unigenes and the reference transcriptomes were computed in 598 protein space using DIAMOND (version 0.7.9) (Buchfink et al. 2015) , with the following 599 parameters: -e 1e-5 -k 500 -a 8, and positive matches were defined as ≥ 95% identity over at least 600 50 amino acids. 601
Identification of potential interspecies interactions 602
We screened the MGT collection for potential interspecies associations by focusing on the 603
MGTs that meet two criteria: (i) these MGTs must contain at least 10 unigenes from two different 604 sub-kingdom taxonomic units; (ii) the number of unigenes associated with one of these taxonomic 605 units must account for at least 5% of the number of unigenes associated with the other taxonomic 606 unit. 607
For example, MGT-29 contains 19,652 unigenes assigned to Haptophyceae and 1,940 608 unigenes (9.9%) assigned to cyanobacteria. All the MGTs that met these criteria are listed in Table  609 S4. 610
Statistical analysis. 611
All statistical analyses and graphical representations were conducted in R (v 3.3.2) with the R 612 package ggplot2 (v 2.2.1). The taxonomic dendrogram shown in Fig. 1 
